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Discussion
Figure 4. (A) The heat 
exchanger failure site, 
corresponding to the 
exchanger (B), which had 
a large amount of oxide 
build-up. The majority of 
brazed sites showed 
oxidation, with only a few 
being clean (C). 
C
BAFigure 2 (left). (A) A leaky water 
delivery pipe before it was 
removed from the geothermal 
line. (B) A fully-insulated section 
of the pipe, showing corrosion 
where the insulation ended and 
the pipe was vulnerable to soil 
chemistry as well as moisture 
and temperature conditions.
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Results
Sample
Ecorr (milliVolts - mV)
(Room Temperature)
Icorr (microAmps μA)
(Room Temperature)
Ecorr (milliVolts - mV)
(~155 °F)
Icorr (microAmps - μA)
(~155 °F)
Bolt -76.85 0.003 Not Tested Not Tested
Pipe -695 13.05 -662.19 5.61
Heat Exchanger
(Brazed)
-63.74 0.4 -68.41 0.538
Heat Exchanger
(Un-brazed)
-66.85 0.161 -86.95 0.227
Figure 1. A valve exposed to warm, humid 
conditions (A) failed during the winter 
months when the manager turned the valve 
head bolt (indicated) and it fractured (B).
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Failure likely has several causes:
• Failure location suggests a complex 
tensile/shear loading condition (Fig. 1B)1
• Metallurgical features served as stress 
concentrators for crack propagation2 (Fig. 
8B)
• Micro-cracks suggest formation due to 
environmental and stress conditions 
(stress corrosion cracking)2 (Fig. 8)
Analyses of several sections suggested 
that pitting corrosion caused failure:
• Outer surface is very rough, indicating 
preferential corrosion on outside of pipe 
(Figs. 3, 9A)
• Sulfur layer on the inner surface of the 
pipe (Fig. 10C) can form sulfide inclusions, 
which are known to cause pitting3, 4
Failure was corrosion-based:
• Mismatch between braze material and 
copper tubing interface may have led to 
corrosion2 (Fig.12)
• Pitting was evident in braze material 
and led to failure at the junction
• Alternative braze materials might 
prevent galvanic coupling and extend 
the lifetime of the heat exchanger
Figure 16.  A sample of mineral deposits from 
the geothermal water, imaged in backscattered 
electron mode in the SEM.
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• ICP-MS showed parts-per-billion 
concentrations of Na, Mg, Al, Si, 
P, S, Ca, Fe, and As.
• EDS indicated the presence of C, 
O, F, Ca, Cu.
• pH ~ 8.5 (Basic)
Figure 6. A SEM of the 
fracture surface, in 
secondary electron mode, 
indicated no distinct reasons 
for failure.
Figure 7. The bolt (B) was sectioned into two different cross-sections (A and C). The 
red arrow (C) points to a large crack that creeps up the bolt. EDS detected the crack 
was composed of chromium and oxygen (D).
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Figure 10. (A) A 
severely corroded 
section of the 
insulated region. (B) 
An SEM image from 
the same sample; 
the entire pipe wall 
was oxidized. (C) 
An EDS map of (B). 
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Figure 9. (A) A 
cross-section of the 
partially-insulated 
region. (B) An SEM 
backscatter image 
of the metal/oxide 
interface at the 
outer surface.  (C) 
An EDS map of (B). 
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Figure 11 (left). A sample showing 
pitting (circular discolorations) after 
electrochemical testing. The tested 
region was exposed to geothermal 
water at 160°F.
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Figure 13. An EDS map of the 
material buildup on the interior of 
the copper piping. 
Figure 12. The copper pipe from 
the heat exchanger failure site 
(indicated) was isolated and 
determined to be at a braze site.  
Where pronounced oxidation 
indicated accelerated corrosion in 
comparison to standard copper 
piping. 
• Optical Microscopy
• Scanning Electron Microscopy (SEM)
• Topography and Composition
• Energy-Dispersive X-Ray Spectroscopy (EDS)
• Chemical Analysis
• X-Ray Fluorescence Spectroscopy (XRF)
• Alloy identification
• Inductively-Coupled Plasma Mass Spectroscopy 
(ICP-MS)
• Quantitative isotope analysis of geothermal water
• Electrochemical Analyses
• Standard Potential
• Linear Potential
• Tafel Behavior
• Potentiodynamic Behavior
Figure 8. The stitched SEM image shows the 
cross-section from Figure 7A. EDS analysis 
revealed silicon inclusions near the fracture 
surface (B). The crack indicated (C) was rich in 
chromium and oxygen. 
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Figure 15. Corrosion of the un-
brazed sample after 
electrochemical testing (red 
arrow). 
Figure 5. An example of a potentiodynamic scan, showing the 
corrosion potential and rate (Ecorr and Icorr, respectively), the 
pitting potential (Epit), and indicating pitting corrosion.
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Figure 14. Pitting on the brazed 
sample after electrochemical 
testing (red arrow). 
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Figure 3 (right).  
(A) A mounted 
sample of the 
pipe’s cross-
section.
(B) A mounted 
sample showing 
the failure site’s 
cross section
Pipe Heat Exchanger
The Boise Warm Springs 
Water District geothermal 
water system experienced 
isolated component failures, 
each of which forced a 
shutdown of the system and / 
or caused damage to homes.
These failures preempted the 
components’ expected 
expirations and appeared to 
be corrosion-induced, 
motivating an investigation 
into this hypothesis and 
preventative measures.
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Figure 17. Graphs 
representing corrosion 
behavior (at geothermal 
water temperature) of the 
brazed and un-brazed sites 
of the copper heat 
exchanger tubing.
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